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Introduction

Relevant parameters for the problem: Re and Weber, or capillary number, Ca

The main questions:

(i) Drop formation, coalescence,  and break-up

(ii) Drop movement in small channels

(iii) Internal mixing in drops

Main applications:

• drops as actuators for pumping a primary flow or driving mixing flows

• drops as individual “chemical reactors”

• formation of emulsion with a controlled and uniform drop size

From physical point of view it is rather interesting system

since shows unexpectedly rich pattern behavior



Parameters of the problem and numbers
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Perfectly monodisperse micro-bubbling

by capillary flow focusing
A. Ganan-Calvo&J.Gordillo, PRL 87, 274501 (2001)

Self-excited break-up phenomenon of micro-jet that leads to formation 

of monodisperse micron size gas bubbles -size control –

new microfluidic tool to mass generate highly controlled 

monosized micro-bubbles. Similar configuration is used also

for generation of liquid micro-droplets

Gas stream is surrounded by a much slower 

and denser coflowing liquid stream





Physical mechanism of monodisperse gas bubble formation

The physical explanation of the radically different behavior of a laminar

gas ligament from a laminar liquid ligament results on the absolutely 

unstable nature of the gas ligament, contrarily to the convectively

unstable behavior of liquid ligament.

Thus, the absolute instability of the gas ligament provokes its rapid

break-up into micro-bubbles. In addition, the nonlinear evolution of

the local break-up of the ligament at the orifice involves a “self—excited”

globally stable nonlinear saturation state (a limit cycle)

with a saturated limit cycle amplitude.









Experimental analysis

The orifice diameter D from 500 down to 30 microns and viscosities from 

0.001 to0.1 Pas were studied. Here a total 280 bubbles with and D =100-
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Seven different liquids (water-ethanol and water-glycerol mixtures) 

with viscosity in the range , surface tension 

In the range           , and liquid density

have been used and micro-bubbles of              have been 

measured.
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Linear stability analysis of a gas ligament shows that the growth rate 

of perturbations provides the relevant time of the process.21 / DdQt jlc
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obtained from Bernoulli’s and Laplace’s laws. As the result one can find that all 

these expressions are rather incentive to fluid properties and consistent with
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Ordered and disordered patterns 

in two-phase flows in micro-channels

R. Dreyfus,P.Tabeling,H.Williame, PRL 90, 144501 (2003)

It is demonstrated that wetting properties of the fluid

with respect to the walls are exceedingly important

parameters in micro-size systems, so that below 

some size the system with untreated walls stops

to produce well controlled structures

Micro-channel in glass covered by a silicon wafer

mm 20020 and 20 mm in length

+SPAN 80-surfactant



Contact angle of water drop immersed in tetradecane in contact 

with silicon and glass surface for different surfactant concentration

(static experiment)

Partial water wetting Complete water dewetting

wwCmc /%103 2

Complete oil wetting is

reached at the critical 

micellar concentration



Dynamic state-

Well defined patterns

(depends on the entry conditions)



Dynamic process leading to drop formation

(interfacial instability at lower water flow rate)



Partial wetting case (low surfactant concentration)

Capillary forces dominate the system

310
V
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System evolves continuously from structureless to structured

configuration by varying surfactant concentration in T configuration

Transition at

mcCwwC /%103 1

0

Result of small droplet size 

in micro-channels

(it is sufficient surfactant

molecules at         )
mcC



, for controlled structuresbLower limit for the channel depth, 

-is the solubility limit

-is the saturation value28
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(v=Sb-drop volume)



S.Anna, N.Bountoux, H.Stone, Appl.Phys.Lett. 82, 364 (2003)

Drop formation in a flow-focusing configuration in a micro-device

0.67% SPAN-80 added to oil0/QQi

0Q

Stability diagram for drop formation

in flow-focusing micro-configuration 

iQ -water flow rate



Geometrically mediated breakup of drops in microfluidic devices

D.Link et al, PRL 92, 054503 (2004)

How does one break larger droplets into smaller ones in controlled way?

T-junction and flow past isolated obstacle and emulsion of water and oil flow

(surfactant used to stabilize the droplets)

Conventional emulsification techniques use inhomogeneous extensional 

and shear flows to rupture droplets and to generate emulsions with wide 

distribution in droplet sizes. How to reduce polydispersity?

1. By shearing between plates

2.   By single-drop technologies

dr0 breaking of drops in extensional flowT-junction

Water drops in continuous phase of hexadecane + SPAN-80 3%wt

sPammN 3108;/5
Polydispersity less than 1-3%



There is a critical flow rate above which the drops always break



Asymmetric breakup of droplets-

analog of an electric-current-splitting device
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a- undeformed drop radius



Critical condition for breakup droplets
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network for rapid mixing Microfluidic

without dispersion

New microfluidic technology that  relies on piko-L droplets to mix the reagents

rapidly (less than 1 ms) and to transport them with no dispersion. 

These microfluidic networks use fluid flow to convert spatial evolution of

chemical systems into temporal evolution (convert distance into time).

Using this technology to understand the dynamics 

of complex chemical systems





Chaotic mixing in droplets
R. Ismagilov et al

The concept of induced chaotic mixing in unsteady,

time-periodic flows inside droplets moving through 

winding micro-channels (Song et al 2003) was used 

especially to perform kinetic measurements 

on msec time scale (Song & Ismagilov(2003))



Non-chaotic mixing

in droplets

Chaotic mixing

In droplets



Chaotic mixing in dropletsR.Ismagilov et al



global flow

4mm/s Internal flow

T. Henkel et al Delft

(2005)







Conclusion

• Phase internal flow is controlled by interface friction at liquid/wall and

liquid/liquid interfaces.

• Dependence on phase ratio and flow velocity superposition of both

effects is found.

• Both – wall friction as well as interface friction dominated flow have

been analyzed.

• Asymmetric flow fields for enhanced mixing can be generated in

winding channels.

• In curved micro-channels both - wall friction and interface friction

dominated flow - result in enhanced mixing efficiency, but different

flow field characteristics.



Vesicle orientation and dynamics in 

shear flow
V.Kantsler and V. Steinberg, submitted to PRL (2005) 



Vesicle is a spherical phospholipid membrane with a thin

wall, that is about some tens of nanometers



DMPC-phospholipid molecule

Polar «head» Hydrocarbon «tail»



Giant unilamellar vesicles are used to simulate 

blood cells behavior, since this simplified model 

can be well described analytically. 

When an object is placed to a shear flow it is forced by torque associated 

with  rotational component of shear and a stretching and torque due to 

elongation component. The resulting vesicle dynamics depend on the 

competition of these two components of the flow.

Dynamics of deformable mesoscopic objects under hydrodynamic stresses

determine rheology of many complex fluids, such as suspensions of droplets 

or bubbles, emulsions, solutions of vesicles, blood, biological fluids, etc



Equation of motion of a vesicle has a form

In the absence of noise, the stationary solution exists  at  |A/B|<1. 

It is also known that vesicles similar to blood cells can exhibit so called tank

treading motion (it undergoes thermal fluctuation around the mean

value only) and the membrane rotates around its interior. 

The experiment is aimed to describe this type of motion, inclination angle

And its fluctuations of a single vesicle as a function of its excess area,

shear rate, viscosity and viscosity contrast.
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Experimental set-up



Snap shots of vesicles at low (c) and high (d) viscosities

and various excess areas
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bonds

Fluorescent vesicle with fluorescent bead attached by avidin-biotin bonds
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